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Glycerophosphorylcholine (GPC) and glycerophosphorylethanolamine, r cently hypothesized to play a cen- 
tral role in phosphoiipid metabolism, are shown for the first time to be present in higher plants, together 
with two other unknown phosphodiesters. The GPC concentration is fairly high in young rice (Oryza sativa 
L.) shoots (0.21 mmol.(kg fresh wt tissue))‘). It is progressively reduced by growth in air but considerably 
increased under anoxia, (0.72 mmol.(kg fresh wt tissue))‘), concomitantly with the anoxia-stimulated elon- 
gation of the rice coleoptile. The involvment of GPC concentration in membrane functionality is discussed 
in the light of a recent hypothesis. 
Glycerophosphoryicholine Clycerophosphorylethanolamine Rice coleoptile 3’P NMR 
Stress adaptai~on 
1. INTRODUCTION 
Rice (Oryza sativa L.) at the seedling stage is 
known to be an organism able to survive prolonged 
periods of anoxia [I], by means of metabolic, 
structural, and developmental modifications 
[l--3]. However, the ability of rice and a few other 
plants to resist long periods of anoxia remains 
largely unexplained f4,5 J, 
Oxygen removal blocks growth of roots and 
leaves in rice seedlings while stimulating elongation 
and tapering of the coleoptile [1,3]. It has been 
shown that rice coleoptiles steadily accumulate 
soluble organic phosphates throughout a 48 h 
period of anoxia [3]. Following the 3’P NMR study 
Abbreviations: GPC, glycerophosphorylcholine; GPE, Rice (0. safiva L., var. Arborio) was germinated 
glycero~hosphoryIethanolamine; SEP, L-serine ethanol- at 30°C in air in the dark for 3 days (reference 
amine phosphate; PC, phosphorylcholine; Ui and UZ, aerobic seedling) and then for a further 48 h in air 
unknown substances; FW, fresh weight (aerobic treatment) or under nitrogen (anoxic 
Membrane e~~pa~sion 
of extracts of these compounds from rice shoots, 
we can report that anoxia induces significant 
changes in the phosphodiester egion of the 31P 
NMR spectrum, with a marked increase of the 
GPC level. 
To the authors’ knowledge, the presence of this 
compound in higher plants has never been 
reported, but it has been found in a variety of 
organisms [6] and particularly in various mam- 
malian tissues [7]. Interesting metabolic [8] and 
physiological [6] roles for GPC and a few related 
phosphodiesters have recently been proposed. 
2. MATERIALS AND METHODS 
2.1. Rice germination and seedhg t~eatrn~nt~ 
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treatments) for the specified times. Operations 
were as reported in [3] with the following dif- 
ferences: seeds were germinated in large (0 = 
22 cm) petri dishes with 100 seeds and 40 ml water 
per petri dish; anoxic treatments were carried out 
in an anoxic chamber and shoot dissection was per- 
formed under anoxia in the same chamber; 
dissected shoots were immediately frozen in liquid 
nitrogen and kept at - 80°C until extracted. 
2.2. Preparation of WC104 extracts 
Perchloric acid extracts, after removal of HC104 
[7] were treated with a chelex column, lyophilized, 
dissolved in Hz0 plus D20 (10070, v/v, final con- 
centration) approximately in a proportion of 
1 ml/g fresh wt material extracted, and then 
brought to pH 7.2. 
2.3. 31P NMlz spectra 
“P NMR spectra of He104 extracts were 
recorded at 121.49 MHz on a Bruker CXP 300 in- 
strument in a 10 mm tube. The sample 
temperature was maintained at 10°C. Quantitative 
analyses were performed using the following spec- 
trometer conditions: pulse width, 15 ys (flip angle 
45”); number of data poins, 16 K; acquisition 
time, 1.64 s; sweep width, 5000 Hz. A recycling 
delay of 13 s was used to allow for the nuclear 
relaxation, Proton decoupling was performed by 
using the gated technique, in which the decoupler 
is on during the acquisition period and off during 
the recycling period. The chemical shifts were 
measured in ppm with respect o 85% phosphoric 
acid (external) at pH 7.2. 
2.4. Peak identification and quantification 
Resonance identification was obtained by: (i) 
reference to literature data [9- 111, (ii) determina- 
tion of the pH dependence of the chemical shift of 
the particular resonance, (iii) addition of authentic 
compounds to the extract. The standard for quan- 
titative analysis was a capillary (0 = 1 mm) con- 
taining 0.1 M methylenediphosphonic acid. The 
capillary was calibrated against 0.002 M Na2HP04 
and the area of the phosphonic acid served as the 
reference for the quantification of single peaks 
[12]. The chemicals used were purchased from 
Sigma. Reported data refer to a single experiment 
using 300 shoots for each determination. A first 
experiment gave comparable results. 
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3. RESULTS 
3.1. Spectra of HC104 extracts and identification 
of resonances 
With reference to the extract from the 3-day-old 
aerobic shoot (fig. l), oxygen withdrawal for a 48 h 
period enhanced resonances in the phosphodiester 
region of the spectrum, 6 = -2 to 0 ppm, par- 
ticularly those of peaks IV and VI. In contrast, a 
48 h period of growth in air caused lowering of the 
same resonances. Variations in the phosphomono- 
ester region of the spectrum, 6 = - 5 to - 3 ppm, 
will be treated elsewhere. 
Peak I, S = - 3.85 ppm [lo], is PC and was con- 
trolled by addition of the authentic compound. 
Peak II, S = -2.80 ppm is Pi. Peak III, S = 
1.58 ppm, is an unknown substance, UI, which 
does not titrate with pH. A substance with a 
B 1,. “L 
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- 5.0 - 4.0 - 3.0 -20 - 1.0 0.0 
Fig. 1. “P NMR spectra of HC104 extracts from rice 
shoots. (A) 3-day-old aerobic shoot; (B) the same after 
48 h under nitrogen and (C) after 48 h in air. Peaks I-VI 
are, respectively: PC, P,, UI, GPE, U2 and GPC. 
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chemical shift corresponding to Ur, 1.05 ppm 
downfield from GPC, was reported in brain ex- 
tracts [7], but was acid labile while UI is not. Peak 
IV, S = 1.07 ppm, is GPE. It exhibited a slight 
titration at pH above 7.5 [9] and was checked by 
the addition of authentic GPE. Peak V, 6 = 
-0.58 ppm, is an unknown substance, UZ, which 
showed titration similar to that of GPE. Peak VI, 
S = -0.53 ppm, is attributed to GPC owing to its 
non-titratability with pH, in the region of pH 
4.5-8.3 [9]. This was true both before and after 
the addition of authentic GPC which, when added, 
produced enhancement of the peak VI resonance. 
The GPC chemical shift reported here is very close 
to that reported for yeast extracts [9], S = 
-0.49 ppm, but differs more from that reported 
in [ll], 6 = +0.20 ppm, for Friend erythro- 
leukemia cells. This difference is attributable to the 
different kind of the instrument magnet [ll]. 
Minor variations in the chemical shift of this phos- 
phodiester may also be caused by ionic strength 
and medium composition differences [ 13,141. 
3.2. Changes in GPC and other phosphodiester 
concentrations under air and anoxic 
conditions 
Fig.2B shows that GPC, Ui, and UZ concentra- 
tions were fairly high in the starting young aerobic 
tissues. Under anoxia, there was a practically 
linear increase of GPC concentration throughout 
the 48 h treatment. As the concomitant fresh wt in- 
crease was also linear (fig.ZA), the ratio GPC ac- 
cumulated/fresh wt gained, remained constant 
throughout the anoxic treatment. GPE, I-Jr and UZ 
revealed similar trends, but at a reduced rate, and 
seemed to level off during a second 24 h period. 
Growth in air instead reduced the concentrations 
of all phosphodiesters (fig. 1). 
It has been shown that growth, in the anoxic rice 
shoot, is confined to the coleoptile and is due to 
enlargement of existing cells along the shoot axis 
[3,15]; in that situation cells may be considered as 
oblate spheroids. For solids of this type the in- 
crease in surface area, after a major axis increase, 
is linearly correlated with the volume increase and 
is maximal for a given increase in volume, as com- 
pared to the case of spherical solids [16]. Ac- 
cordingly, the increase in GPC level is linearly cor- 
related not only with fresh weight, i.e. volume in- 
crease, but also with the cell surface area increase, 
0.6 
‘; 
z 
0.5 
Y 0.4 ~ 
0 0.3 
E 
x 0.2 
0.1 
0 
0 24 48 
Time,h 
Fig.2. (A) Growth of rice shoots under anoxia, as the 
fresh weight increase of a single shoot. Time 0 
corresponds to 3-day-old aerobic shoot. Dashed line, 
arrow, corresponds to oxygen readmission for 6 h. (B) 
Variations of (0) GPC, (v) Ui, (IX) UZ, and (0) GPC. 
Other explanations as in (A). 
with the result that the ratio, GPC increase/plasma 
and tonoplast membrane surface increase, is main- 
tained at a constant value during anoxic growth. 
Oxygen readmission to the anaerobic seedling 
(fig.2B) inverted the anaerobic trend, leading to a 
reduction of the GPC level in the shoots. 
4. DISCUSSION 
Our findings may be summarized as follows: (i) 
The GPC (and companion phosphodiesters) level 
is fairly high in young aerobic tissues but is 
depressed with tissue maturation in air. (ii) Rice 
shoots respond to the anoxic stress of the environ- 
ment, by accumulating GPC. (iii) Accumulation is 
linear throughout the progress of anoxia, with 
both fresh weight and cell surface increase; oxygen 
readmission inverts the anoxic trend. 
It has been shown that anoxia causes significant 
changes in the lipid endowment of plant cells: net 
losses of phospholipids have been reported for rice 
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roots [17] and Iris ~s~u~ffcoru~ rhizomes [18] sub- 
jected to long-term anoxia; the percentage of total 
lipids represented by phospholipids was lower in 
rice coleoptiles growing under anoxia than in col- 
eoptiles growing in air, and marked differences 
have been reported between the acyl moieties of 
phospholipids and neutral lipids extracted from 
aerobic and anoxic rice coleoptiles [ 191. 
Thus, the existence of pools of GPC and other 
phosphodiesters in rice shoots and the variations in 
these pools caused by anoxia here reported are in 
accordance with the changes in phospholipid en- 
dowment caused by anoxia in the plant tissues 
mentioned above. This is particularly clear if our 
findings are considered in the light of two recent 
paper [8,20]. In [8] a central role is assigned to 
GPC and similar phosphodiesters in new pathways 
for phospholipid synthesis and salvage of the polar 
moieties of phospholipids, postulated to explain 
the synthesis of acyl-specific phospholipids. The 
classical pathways of phospholipid biosynthesis do 
not require the specific existence of GPC and 
similar intermediates [21]. In [20] the authors show 
that the retailoring of phospholipid molecular 
species is important in maintaining cell membrane 
functionality under environmental stress, and what 
applies there for changes in ambient temperature 
and salinity may be extended to air-anoxia 
changes. The possibility that GPC, besides being 
of catabolic origin, may also be synthesized in a 
process analogous to that found in avians for SEP 
122] is not to be discarded since the precursor PC 
is available (fig. 1). 
Recently GPC has been hypothesized as a 
regulator of membrane functionality [6]: the level 
of lysolecithin in membranes [23] is modulated by 
c~oplasmic GPC acting as an inhibitor of 
lysolecithinase. The prerequisite for this hypo- 
thesis is that the concentration of GPC varies ac- 
cording to different physiological states. In our 
system (fig.2B) the requirement is satisfied. To 
determine the precise role(s) and origin of GPC, 
however, a specific investigation would be required 
and this system promises to be useful for this 
purpose. 
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